We report the first image of an intact, frozen hydrated eukaryotic cell using x-ray diffraction microscopy, or coherent x-ray diffraction imaging. By plunge freezing the specimen in liquid ethane and maintaining it below À170 C, artifacts due to dehydration, ice crystallization, and radiation damage are greatly reduced. In this example, coherent diffraction data using 520 eV x rays were recorded and reconstructed to reveal a budding yeast cell at a resolution better than 25 nm. This demonstration represents an important step towards high resolution imaging of cells in their natural, hydrated state, without limitations imposed by x-ray optics.
X-ray microscopes allow high resolution microscopy of intact, hydrated biological specimens with thicknesses of many micrometers, beyond the limit of biological electron microscopy [1] [2] [3] . Radiation damage precludes repeated imaging of live specimens [4] , but this can be mitigated by working at liquid nitrogen temperature [5, 6] . In addition, single view flash imaging of cells using ultrabright sources has been proposed [7, 8] as a way of capturing the image before radiolytical and thermal damage become evident.
In recent years, there has been much progress in developing zone plate microscopy for 3D imaging of frozen hydrated cells [9] [10] [11] [12] [13] . While there are demonstrations of x-ray optics with higher resolution [14] [15] [16] , scientific applications using x-ray microscopes have mainly used Fresnel zone plate optics with 25-40 nm spatial resolution. These optics typically have a focusing efficiency in the 10% range [17] and the modulation transfer function for incoherent bright field imaging decreases the efficiency of utilization of higher spatial frequency information. As a result, while the practical advantages of lens-based microscopes will be the deciding factor for most studies, it is also worthwhile to consider alternative methods for high resolution x-ray imaging.
X-ray diffraction microscopy (XDM), also called coherent x-ray diffraction imaging, was proposed by Sayre as an imaging method that dispenses with the technological limits of lens efficiency and resolution [18] . Instead, the farfield diffraction pattern of an isolated object illuminated by a coherent x-ray beam is recorded. If the object is finite, and the diffraction pattern is sampled finely enough, the object can be reconstructed from the measured diffraction intensities alone [19, 20] . In this manner one is able to eliminate limitations due to the efficiency and finite numerical aperture of x-ray optics [21] . Following a first demonstration by Miao et al. of imaging a nanofabricated test object [22] , this and related approaches have been used by a growing number of groups, including demonstrations of imaging bacteria [23] , yeast [24] , herpes virions [25] , malaria-infected erythrocytes [26] , and chromosomes in 2D and 3D [27] .
An important limitation applies to the demonstrations of x-ray diffraction microscopy of cells, chromosomes, and virions cited above: they have all involved dehydrated specimens at room temperature. Though Nishino et al. [27] have obtained a very exciting 3D XDM image of a dehydrated chromosome, they note significant resolution degradation due to accumulated radiation dose. In electron microscopy, stability against radiation damage has long been solved by imaging the specimen at cryogenic temperatures [28] [29] [30] . Electron microscopy studies of fixed and dried versus frozen hydrated blood platelets [31] reveal tremendous differences in structural preservation. [34] . Shown here are the fractional radial shifts of the centers of speckles in coherent diffraction patterns of yeast cells. The top curve is of cells that were viewed while frozen hydrated at À170 C, while the bottom curve is of cells that were freezedried and then exposed at room temperature. For the case of freeze-dried, room temperature cells, the center positions of speckles moved outwards from the diffraction pattern center, indicating a shrinkage of the object in real space.
However, because of the thickness limitations of electron microscopy on frozen hydrated specimens [1] [2] [3] , to our knowledge only thin, peripheral regions of whole, unsectioned eukaryotic cells have been imaged in a frozen hydrated state using electron microscopy [32, 33] .
The benefits of cryo methods for XDM have been shown in studies by Shapiro [34] which demonstrate remarkable stability of the diffraction pattern out to doses well beyond the dose imparted in the work reported here (Fig. 1) . In comparison, substantial specimen shrinkage was observed at room temperature. Two separate groups have estimated that cryo XDM has the potential to deliver sub-10 nm resolution 3D images of whole hydrated cells within the limits of radiation damage [35, 36] . As an important step towards realizing this milestone, we report here the first use of x-ray diffraction microscopy to image a whole, unfixed, frozen hydrated eukaryotic cell.
The strain of Saccharomyces cerevisiae studied here carries a whi5 mutation. This mutation [37] produces smaller yeast cells than the wild type (3-4 m for whi5 versus 6-7 m for wild type). Following culture in a YPD solution at 30 C, cells were rinsed and diluted with distilled water to proper concentration, and allowed to settle on a formvar coated rectangular electron microscope grid. The cells were plunge-frozen in liquid ethane to minimize ice crystal formation (we did not use glycerol or other cryo protectants, though they may be helpful in future work). Frozen hydrated specimen grids were loaded into a Gatan 630 side-entry cryo specimen holder which was then inserted into a goniometer stage in a custom-built XDM system [38] where specimens can be viewed in a frozen hydrated state at À170 C. In order to reconstruct an image from far-field or Fraunhofer coherent diffraction intensities, one must be able to supply some a priori information; in most cases this involves knowledge that the specimen occupies only a fraction 1= o (where o is known as the oversampling ratio) of the field of view corresponding to the recorded diffraction pattern [19, 20] . When imaging frozen hydrated cells, this means that the cells must be surrounded by a region of sufficiently smooth ice so as not to produce significant x-ray scattering. In order to approach this condition, considerable care had to be taken to minimize frosting of the grid.
Apart from the fact that the specimen was in a frozen hydrated state, the diffraction data were acquired in a manner similar to what we have described previously for studies of freeze-dried yeast cells [24] . A zone plate monochromator [39] was used at undulator beam line 9.0.1 of the Advanced Light Source at Lawrence Berkeley National Laboratory to deliver a 520 eV x-ray beam to the experimental apparatus [38] . By using a 5 m pinhole located 25 mm upstream of the specimen, we were able to provide illumination with both sufficient spatial coherence [40] , and the required temporal coherence of =Á ' 500. By working at 520 eV, we were able to take advantage of the ''water window'' spectral region with low absorption in water and good contrast for organic materials [1, 41] . For this particular specimen, photodiode measurements of the transmitted flux through the ice near the cell, versus measurements of the incident flux with the specimen removed, indicate a transmission through the ice of about 90%, corresponding to an ice thickness of about 1 m. Diffraction data were recorded on a Roper Scientific (Trenton, NJ) MTE-2 in-vacuum CCD detector with 1340 Â 1300 pixels of 20 m size each, located 17.5 cm downstream of the specimen. By using a movable beamstop and multiple summed recordings, we were able to record x-ray diffraction data over a large dynamic range spanning 5 orders of magnitude; however, we were not able to collect data from about a 20 Â 20 pixel region at the center of the diffraction pattern due to detector saturation limits. The full 2D data set was assembled from 120 exposures with a total illumination time of 215 sec and an estimated total dose to the specimen of about 1:7 Â 10 8 Gray. For diffraction data analysis and image reconstruction, a 1100 Â 1100 array was extracted from the assembled set of diffraction recordings. The assembled diffraction pattern extends to 37 m À1 spatial frequency at corners, which corresponds to a half-period size of 14 nm. The pixel size of the real space image reconstruction array is about 17 nm. Once the tight support was found by the shrink wrap algorithm [42] and manual adjustments, the final result was obtained by averaging a total of 10 reconstructions from independent random phase starts. Each of these reconstructions was run for 10 4 iterations using the difference map algorithm [43] , averaging every 20th iteration after the first 8000 iterations.
The right side of Fig. 2 shows the reconstructed complex image of a frozen hydrated yeast cell obtained using the method described above. For reference, a visible light micrograph of a budding yeast is also shown (obtained using a a Zeiss Axioplan2 microscope with a 100 Â , NA ¼ 1:3 immersion objective with DIC optics, and a mRM Axiocam with Zeiss AXIOVISION 7.1 software). In 
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198101-2 the x-ray diffraction micrograph, we see what appears to be two cell bodies lying on top of each other. Since this inner cell body is too large to be a nucleus in this cell type, we believe that the image shows a new-born bud produced as part of the division process in these cells, viewed from directly above the bud with the parent cell underneath (see the assumed illuminating beam orientation in Fig. 2 as indicated by the black arrow). We have also collected a limited data set with the sample rotated at 15 . While we have not obtained a reconstructed image from this data set (possibly due to ice scattering, as discussed below), it provides useful autocorrelation data (obtained by squaring the Fourier transform of the recorded data intensities and applying a high-pass Fourier filter to the result) [44] . The autocorrelation agrees well with expectations for a budding yeast cell viewed in the assumed orientation. Additional evidence is available by ''focusing through'' the reconstructed image. Since we have reconstructed a complex wave field at a depth plane where the outermost edges of the object within its support are sharpest [45, 46] , we are able to use Fresnel propagation to generate the reconstructed wave field at nearby depth planes. In Fig. 3 we show a series of transverse (abscissa) versus longitudinal (ordinate) ''images'' of this through-focus procedure, where one can see sharp edges at depth planes that are separated by about 2:5 m.
The reconstructed x-ray diffraction micrograph shown in Fig. 2 does not have the same resolution or degree of image contrast as we have been able to demonstrate when imaging freeze-dried yeast [24] ; we attribute this to the fact that the ice layer outside the cell is contributing some weak scattering which slightly violates the conditions required for imposition of a finite support constraint [47] . As the experiment proceeded, ice buildup continued which precluded reconstruction at additional tilt angles; this limitation is being addressed for future experiments through improved vacuum conditions and the use of an electronmicroscope-type anticontaminator [48] . In spite of these limitations in our first frozen hydrated XDM demonstration, we are able to recognize subcelluar features including what may be a mitochondrion in the parent cell (indicated by the red arrow in Fig. 2) .
The resolution can be estimated to 25 nm or better using two independent measures. While the diffraction data extend to the edge of our CCD detector at a spatial frequency of 37 m À1 , we do not claim this as representing the resolution of our reconstructed image. Instead, the magnitude ratio M recon =M data (known as the phase retrieval transfer function or PRTF [24, 45, 49] ) provides a good metric of the resolution of the reconstructed image. It does so by measuring the reproducibility of the phases recovered in the Fourier plane as the iterative reconstruction proceeds; phases that are reproducible lead to constructive interference when complex iterates are added together, while less reproducible phases lead to a lower value in the average. The spatial-frequency-dependent magnitude ratio M recon = M data plot is shown at left in Fig. 4 . The resolution cutoff is FIG. 3 . Through-focus imaging using the complex wave front reconstructed in XDM. Four selected transverse lines are shown on the magnitude-only representation of the 0 m defocus reconstructed wave front at left. The image at right shows transverse line profiles of the reconstructed image magnitude as the wave field is defocused by propagation from the reconstruction plane. In-focus edges look like the waist of an hourglass in such a representation; the line profiles from the inner and outer spherical objects in the reconstruction appear to be at different focal planes, consistent with the interpretation that the larger parent cell is at lines B1 and B2, and the bud is at lines T1 and T2. 4 (color) . Estimation of the resolution of the x-ray diffraction micrograph. At top is shown both the azimuthal average of the diffraction intensity signal I data (red), and the magnitude ratio (or PRTF) M recon =M data (black). The PRTF measures the reproducibility of reconstructed pixel values as a function of spatial frequency; its decline at higher frequency provides an indication of the resolution. The resolution cutoff is estimated at the spatial frequency where the PRTF drops below a value of 0.6. This provides one estimate of the half-period resolution of 20 nm. At bottom is shown a line scan across T2 in Fig. 3 at the plane of sharpest focus of this object. Also shown is a Gaussian-smoothed fit which indicates a half width at half maximum of 25 nm (or ¼ 21 nm in exp½À0:5x 2 = 2 ) for the combination of feature size and imaging resolution. estimated at the spatial frequency where the PRTF drops below a value of 0.6. This provides one estimate of the halfperiod resolution of 20 nm for the reconstructed x-ray diffraction micrograph.
Another measure of the resolution can be obtained by looking at the minimum width of features in the reconstructed image. Since the appearance of features in the image represents a convolution of their true shape with the point spread function of the imaging system, this measure is imperfect. Even so, in Fig. 4 we show a plot of the reconstructed intensity across a line in its in-focus plane, along with a Gaussian fit to the sharp feature seen. The Gaussian fit exp½À0:5x 2 = 2 has ¼ 21 nm, again indicating that a high resolution image was obtained.
The data reported here represent the first use of x-ray diffraction microscopy to image a frozen hydrated eukaryotic cell. It was obtained using a beam line and apparatus that is far from optimal for this purpose. Based on this experience we are now implementing improvements aimed at improving the apparatus, to be able to move from 2D to 3D imaging. We are also planning to construct an optimized beam line that will provide the required coherent flux to allow routine collection of a 3D data set in minutes, rather than hours. While x-ray free electron laser sources will also open up exciting new opportunities in XDM [8, 50] , for true 3D imaging it is necessary to acquire data from an object that remains unchanged as it is rotated so that one can populate 3D Fourier space [49, 51] ; this means the exposure in each 2D view must be delivered slowly so that the temperature of the specimen does not rise. For this reason, we feel that cryo XDM of frozen hydrated whole cells using synchrotron sources has considerable potential.
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